Ophiolites, sections of ocean crust tectonically displaced onto land, offer significant potential to support chemolithoautotrophic life through the provision of energy and reducing power during aqueous alteration of their highly reduced mineralogies. There is substantial chemical disequilibrium between the primary olivine and pyroxene mineralogy of these ophiolites and the fluids circulating through them. This disequilibrium represents a potential source of chemical energy that could sustain life. Moreover, E h -pH conditions resulting from rockwater interactions in ultrabasic rocks are conducive to important abiotic processes antecedent to the origin of life. Serpentinization-the reaction of olivine-and pyroxene-rich rocks with water-produces magnetite, hydroxide, and serpentine minerals, and liberates molecular hydrogen, a source of energy and electrons that can be readily utilized by a broad array of chemosynthetic organisms. These systems are viewed as important analogs for potential early ecosystems on both Earth and Mars, where highly reducing mineralogy was likely widespread in an undifferentiated crust. Secondary phases precipitated during serpentinization have the capability to preserve organic or mineral biosignatures. We describe the petrology and mineral chemistry of an ophiolite-hosted cold spring in northern California and propose criteria to aid in the identification of serpentinizing terranes on Mars that have the potential to harbor chemosynthetic life.
INTRODUCTION P
RIOR TO THE EVOLUTION of photosynthesis, organisms on the early Earth relied on chemical forms of metabolic energy ("chemosynthesis"). Similarly, the apparent lack of photosynthetic life on the surface of Mars indicates that, should life exist there today, any organisms must also rely on chemical forms of energy (Boston et al., 1992; Shock, 1997; McCollom, 2006) . Consequently, investigation of environments that support chemosynthesis on the modern Earth can enlighten our understanding of life on the early Earth and the situation that may have existed on Mars.
For an organism to derive chemical energy for metabolism from the natural environment (martian or terrestrial, modern or ancient), a state of thermodynamic disequilibrium must exist. The single most widespread environment of chemical disequilibrium on present-day Earth results from the interaction of mafic and ultramafic rocks of the ocean crust with liquid water. Such environments make up three-quarters of the Earth's surface and potentially host a vast chemolithoautotrophic biosphere (Deming and Baross, 1995; McCollom and Shock, 1997) . Fluid-rock interactions like those presently occurring in the shallow ocean crust were even more pervasive on the Archean Earth because of increased geothermal heat flow, the greater abundance of ultramafic rocks, and the absence of widespread continental crust formation (Nisbet, 1987; Nisbet and Sleep, 2001; Sleep et al., 2004) .
The mafic and ultramafic rocks that constitute the ocean crust (i.e., basalts, gabbros, and peridotites) are dominated by the minerals olivine and orthopyroxene. Compositionally, the modern oceanic crust and upper mantle of the Earth are essentially the same as they were on the early Earth and Mars (Nisbet, 1987) . Additionally, the crust and upper mantle of Mars also appear to be composed of mafic/ultramafic rocks largely similar to those of the ocean crust on Earth (Longhi et al., 1992) . It follows that a comprehensive understanding of the mineralogy, water-rock chemistry, and microbial ecology of Earth's oceanic crust could be of great value in devising a search strategy for evidence of past or present life on the early Earth and Mars.
Olivine and orthopyroxene are thermodynamically stable at the high temperatures and pressures present deep within the Earth (or within Mars), but they are thermodynamically unstable at the lower temperatures in the near-surface environments. As a consequence, when these minerals are exposed to surface or shallow environments, they readily react with water, which results in mineral alteration. Because the serpentine minerals (lizardite, chrysotile) are frequently the dominant alteration mineral formed, the process is commonly referred to as serpentinization. In addition to mineral alteration, serpentinization frequently generates fluids with high concentrations of H 2 and CH 4 (Neal and Stanger, 1983; Abrajano et al., 1990; Charlou et al., 1998; Wetzel and Shock, 2000; Kelley et al., 2001a Kelley et al., , 2005 , and produces heat and an increase in volume (Allen and Seyfried, 2004; Früh-Green et al., 2004) . The amounts of H 2 generated during water-rock reactions of ultramafic rocks such as peridotites are substantially higher than those produced in basalt-hosted hydrothermal systems (Wetzel and Shock, 2000) .
The process of serpentinization, through which olivine and pyroxene are altered into serpentine minerals, can be generally described by the reactions: (2) forsterite ϩ pyroxene ϩ water Ǟ serpentine
The reduced iron from the fayalite component of olivine (shown in Reaction 1) may then be oxidized to magnetite through the reduction of water to molecular hydrogen through the reaction
iron hydroxide Ǟ magnetite ϩ water ϩ hydrogen Reaction 3 represents a geochemical process that could serve as an energy source for biology through the production of H 2 , the electron donor for a number of chemoautotrophic biochemical processes, including methanogenesis (CO 2 ϩ 4H 2 ϭ CH 4 ϩ 2H 2 O) (Brock and Madigan, 1991) . The amount of olivine relative to pyroxene is an important consideration in these rocks, as the release of excess silica during water-rock reactions results in the formation of talc (Bach et al., 2004) . Because talc more readily incorporates Fe into its structure than do serpentine minerals, magnetite formation and the resulting production of H 2 are reduced in proportion to the amount of talc produced.
Because the igneous rocks of the modern ocean crust are only exposed in the deep sea, it is difficult to study directly the processes that support microbial communities in these environments. However, in some tectonic regimes, such as convergent plate boundaries, cross sections of lower oceanic crust and upper mantle are emplaced onto the continental crust where they are more readily studied. Sections of former lower oceanic crust and upper mantle (often referred to as "ophiolite suites") are preserved and exposed on land throughout the state of California as a result of its location adjacent to active plate margins since the Jurassic (Bailey et al., 1970) . These mafic and ultramafic rocks are found in the Coast Range, Point Sal, Josephine, and the Trinity Ophiolite complexes and elsewhere. Outcrops of these complexes contain numerous springs from which water trapped in the rocks issues. The rocks are Jurassic-Cretaceous in age with formation dates as old as 160ϩ million years (Bailey et al., 1970; Page, 1972; Harper et al., 1994; Dickinson et al., 1996; Coleman, 2000) . Many of the numerous springs and seeps that emanate from these rocks are at temperatures less than ϳ50°C. Previous studies (Barnes et al., 1972; Peters, 1993) have shown that the fluids from springs hosted by the Coast Range ophiolite are alkaline, with pH as high as 12 and high concentrations of the alkaline elements Na, K, and Ca. The composition of these fluids appears to be the result of the reaction of ancient seawater with the ultramafic rocks. Peters (1993) concluded, on the basis of oxygen and hydrogen isotopic data, that the primitive endmember component of water emanating from northern California ophiolite terranes is seawater of Cretaceous age that was trapped with the sediments and crust during emplacement onto the North American craton.
Despite the fact that the fluid compositions can vary, we note that these general geochemical processes, in which ultramafic rocks react with liquid water, are broadly similar in both the "continental" (or ophiolite) and ocean floor settings in that the products of the reaction (serpentine, brucite, magnetite) are the same for a wide range of temperatures, pressures, and fluid compositions. Because these terranes have been resident on the North American craton for tens to hundreds of millions of years, this study is relevant to present-day Mars, which lacks evidence for sustained plate tectonic processes, and even to an ancient Mars that may have never developed standing oceans or large-scale plate tectonics. Serpentinization is an exergonic process with a concomitant volume increase. While it does not appear that sufficient energy is released to attain high temperatures or induce large-scale hydrothermal circulation (Allen and Seyfried, 2004) , the thermal energy released during this process may enhance further reaction and circulation driven by other forces (Kelley et al., 2005) . The discovery by the Mars Exploration Rovers of a rock record on Mars, however, indicates that the presence of significant amounts of crustal water furthers the possibilities of water-rock interactions.
MATERIALS AND METHODS
Hand samples of olivine-rich rocks (peridotites) were collected from actively dewatering outcrops in the Coast Range Ophiolite during field trips just to the north of the Indian Valley Reservoir in Lake County, California. Standard petrographic thin sections were prepared from the hand samples for detailed examination of the mineralogy, petrology, and alteration textures. The thin sections were examined by optical and scanning electron microscopy, and mineral compositions were determined by electron microprobe analysis and x-ray diffraction analysis. Electron microprobe analysis was conducted using the JEOL (Tokyo, Japan) JXA-733 Superprobe in the Department of Earth and Planetary Sciences, Washington University, St. Louis, MO. Data were collected using an accelerating voltage of 15 kV and a beam current of 20-30 nA. The beam spot size was 10 m, and x-ray counts were collected generally for 20 s using wavelength dispersive analysis. Data were gathered for the major rock-forming elements (Mg, Al, Si, Ca, Ti, Mn, and Fe) and for trace elements Cr and Ni. Because of low counts and the potential for higher error, the alkali elements Na and K were not analyzed; however, these elements are generally present only at very low abundances in rocks of this composition. Natural and synthetic minerals, provided by the Electron Microprobe Facility at Washington University (reference standard numbers 203, 204, 206, 207, 210, 212, 220, 222, and 224) , were used as calibration standards. The raw data were corrected using Probe for Windows ® software (Advanced MicroBeam, Inc., Vienna, OH). X-ray diffraction analysis was carried out at NASA Ames Research Center (Moffett Field, CA) using the CheMin x-ray diffraction analysis/xray fluorescence instrument (InXitu, Inc., Mountain View, CA), and the data were reduced using commercial Jade™ software (Material Data, Inc., Livermore, CA).
RESULTS

Petrography
Hand samples of rocks collected from the Coast Range Ophiolite are peridotites, or rocks composed predominately of olivine. Based on examination of the proportions of remnant primary mineralogy, they are further subclassified as harzburgites (peridotites composed principally of olivine and pyroxene). Approximately 10% of the hand samples do, however, contain a high enough percentage of clinopyroxene to be classified as lherzolites. We estimated from hand sample and thin section inspection of the remnant primary (i.e., unaltered) mineralogy that the modal proportions of minerals in the original rock were approximately 70% olivine, 20% orthopyroxene, 7% clinopyroxene, and 3% other minerals, including accessory and trace phases. This mineralogy falls within the range of mineralogies reported for sea floor serpentinites (Bach et al., 2004) .
Examination of petrographic thin sections by optical and scanning electron microscopy revealed that serpentinization reactions occurred within the peridotites of the Coast Range Ophio-
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FIG. 1. Backscattered electron micrograph of a thin section made from hand samples (NFG-10) of the Coast Range ophiolite peridotite collected near Clear Lake, CA. The large grain, an olivine, has been altered to serpentine. The very small, bright objects are magnetite grains that appear to define the extent of the olivine grain before alteration.
lite (Figs. 1 and 2). Active serpentinization was previously reported within California ophiolite complexes on the basis of geochemical data by Barnes et al. (1967) and Barnes and O'Neil (1969) in the form of high pH fluids issuing from the rocks. In cross-polarized light, the primary olivine and pyroxene were easily recognized and together accounted for roughly half of the mineralogy of the thin sections. Fine-grained groundmass constituted the bulk of the remaining mineralogy, and the cross-hatched "snake-skin" pattern of the serpentine was clearly visible and accounted for most of the groundmass. The observed textures and optical properties are characteristic of the serpentine minerals lizardite and chrysotile (Robert Dymek, personal communication). X-ray diffraction analysis confirmed the presence of clinochlore, lizardite, chrysotile, olivine, pyroxene, magnetite, brucite, and anthophylite.
The serpentine also resides in veins that crosscut the olivine and pyroxene grains. Furthermore, several generations of alteration products were visible, and veins that contain alteration products cut across previously formed veins and alteration product ground mass. Opaque, micron-sized SCHULTE ET AL. mineral grains line the veins that run throughout the thin sections, and opaque minerals also occurred as larger grains, making up the bulk of the accessory phases visible in thin section.
Note that all of the mineralogical components of Reactions 1 and 2, given above for generation of serpentine from olivine and pyroxene, are illustrated in Figs. 1 and 2 . The involvement of liquid water was evidenced by the presence of veins and numerous fluid inclusions observed in optical microscopic examination of the thin sections (data not shown). On the basis of these observations, it follows that production of H 2 has also occurred and would have been (and may be) available for organisms that potentially inhabit these rocks.
Mineral chemistry
The olivines in the peridotite are quite homogeneous with an approximate composition of Fo 90 Fa 10 . The homogeneity of composition can be seen in Fig. 3A for the olivines. . The average compositions in oxide weight percent for the olivines, as well as for the pyroxenes and serpentines from these rocks, are given in Table 1 . The opaque minerals identified in thin section include magnetite and chromite, along with more chromium-and aluminum-rich spinels. The magnetite generally lines the veins in three dimensions and appears to correlate quite well with presumed aqueous fluid flow. The magnetite-lined veins contain not only serpentine, but also magnesium hydroxide, i.e., brucite (with variable amounts of iron) and occasionally minor amounts of carbonates (calcium-, magnesium-, and ironbearing). In addition to lining veins, magnetite occurs along relict grain boundaries and, in rare cases, interspersed within veins and groundmass. Chromite and other spinel occur as irregularly shaped grains surrounded by either serpentine/chlorite groundmass or the primary olivine and pyroxene. We also observed spinel grains that were fractured and the fractures were filled with magnetite.
The serpentines are predominantly composed of silica and magnesium, with minor and highly variable amounts of other cations (iron, manganese, aluminum, chromium, calcium, and nickel). A direct correlation was observed between the aluminum content of the serpentine and the precursor mineralogy. Aluminum content increased in serpentine when formed from altered clinopyroxene, and was low when the parent minerals are olivine or orthopyroxene. The variability in composition can be seen graphically in Fig. 3C .
Serpentines cannot incorporate all of the iron from the alteration of the olivines into their crystal structures (Deer et al., 1992) . This is demonstrated by the calculated Fe/(Fe ϩ Mg) ratios for the serpentines relative to the olivines. The Fe/(Fe ϩ Mg) ratio for the olivines from the Coast Range peridotite was, on average, 0.097. For the serpentines, this ratio dropped to much lower values, which ranged from 0.04 to 0.07. As a result, the excess iron is forced to go into the formation of magnetite, according to Reactions 1 and 3.
DISCUSSION
The geology of the early Earth and Mars is likely to be closely approximated by ultramafic remnants of terrestrial ocean lithosphere now exposed on land (Nisbet, 1987; Longhi et al., 1992; Singer and McSween, 1993; Nisbet and Sleep, 2001; Sleep et al., 2004) . Though the compositions of seawater and hydrothermal fluids on the early Earth and those on Mars are largely unknown, the fluid compositions were likely controlled by interaction with rocks. Consequently, studies of water-rock interactions that occur within ophiolite terranes on present-day Earth should provide insight into such processes on the early Earth and Mars. The presence of similar environments on the early Earth would bolster arguments presented by Russell et al. (1998) , Russell (2003) , and Hanczyc et al. (2003) , who have proposed that such alkaline fluids would be very conducive to chemistry that led to biochemistry.
In addition to finding remnant, primary mineralogy within the rocks (primarily olivine and pyroxene), examination of samples collected from these environments revealed evidence of exten- The total for serpentine does not include structural water. Note that the totals for the primary igneous minerals (olivine, orthopyroxene, and clinopyroxene) are close to 100%. sive aqueous alteration. Generation of H 2 during serpentinization of mafic rocks has been shown theoretically (Wetzel and Shock, 2000) , in field measurements (Neal and Stanger, 1983; Abrajano et al., 1990) , and experimentally (Janecky and Seyfried, 1986; Berndt et al., 1996; McCollom and Seewald, 2001) . High concentrations of H 2 [up to 13,000 M (Kelley et al., 2001a) ] have also been observed at several sea floor hydrothermal vent sites including Lost City (in the Atlantis Fracture Zone of the Mid-Atlantic Ridge) and Rainbow (on the Mid-Atlantic Ridge), where the high H 2 abundances are believed to result from water-rock interaction with ultramafic rocks (Charlou et al., 1998; Holm and Charlou, 2001; Kelley et al., 2001a,b) . While the temperatures in ultramafichosted sites like Lost City are much lower than those typical of "black smoker" hydrothermal vents, it has been suggested that life may have begun in relatively cold conditions (Forterre, 1996; Galtier et al., 1999; Moulton et al., 2000) . Ultramafic rocks in the flanks of mid-ocean ridge systems, represented by ophiolite sections on continental cratons, could have provided the chemical energy necessary for metabolic functions to begin on the early Earth and on Mars. In addition, because there may be a substantial volume increase (Hostetler et al., 1966) and generation of heat during the serpentinization process, the alteration is somewhat self-sustaining once it begins. Volume increases induce fracturing of the rocks, which allows further intrusion of fluids into fresh primary material that also reacts with the fluid. The temperature increase would obviate the need to some extent for a nearby volcanic heat source to drive fluid flow or induce hydrothermal circulation.
Mineralogical evidence from ophiolite-hosted spring samples indicates that, though the thermodynamic driving force for serpentinization is large, the approach to equilibrium is slow. Such a situation, in which a large free energy potential is only slowly relaxed by abiotic processes, provides an ideal mechanism for long-term support of chemotrophic organisms, given that those organisms can overcome kinetic barriers and catalyze the process themselves.
The potential amount of hydrogen that could be generated from serpentinization of the rocks examined from the Coast Range Ophiolite can be estimated based on petrographic observations of the alteration products. Since the primary mineralogy has been extensively altered, some assumptions must be made, which renders these conclusions only tentative. However, examination of thin sections of the peridotite indicate that approximately 70% of the remaining primary mineralogy (by volume) is olivine. Assuming that all of the primary minerals alter in the same proportions [though, in general, olivine tends to react faster with water than does pyroxene at temperatures Ͻ250°C (Bach et al., 2004) ], we can estimate that the original rock contained approximately 70% olivine by volume. For 1 m 3 of peridotite composed of 70% olivine, for which onehalf of the olivine component has been altered and contains 10 mol% iron-bearing olivine with a density of 4.4 g/cm 3 , we calculate that 755 mol of fayalite (the iron end-member of olivine) would have been consumed. With a ratio of 3 mol of fayalite producing 2 mol of H 2 through the reaction 3Fe 2 SiO 4 ϩ 2H 2 O ϭ 2Fe 3 O 4 ϩ 3SiO 2 ϩ 2H 2 (4) the maximum amount of hydrogen that could be generated is 500 mol. Furthermore, assuming that it took the entire ϳ150 million years to alter the rocks to the point seen today, this gives a hydrogen production of 8.6 nmol/day/m 3 of rock.
Hydrogen can be used as an electron donor and energy source by a wide variety of chemotrophic organisms (Schwarz and Friedrich, 2003) . Methanogenic microorganisms, which combine H 2 with mantle-derived CO 2 , are frequently envisioned as prospective inhabitants of rock-hosted systems, and some studies have provided evidence for the existence of such communities supported by H 2 resulting from water-rock reactions (Stevens and McKinley, 1995; Chapelle et al., 2002) . The potential for other metabolic strategies is dependent on the availability of suitable electron acceptors (such as CO 2 , Fe 3ϩ , or other metals) and other nutrients in these systems. Preliminary results indicate the presence of Archaea that have a 98% genetic match with known haloalkaliphiles in the ophiolite spring (authors' unpublished data). The presence of these organisms in the fluids indicates that metabolic function is feasible for these systems, and there is a hypothesized connection between the conditions of the fluids and the nature of the organism tentatively identified. Based on the calculations presented below, other nutrients such as nitrogen and phosphorus need only be present at the microgram per cubic meter level to support the amount of biomass estimated to be supportable by the amount of hydrogen available.
The quantity of biomass that can be supported by a given chemical flux is determined by the maintenance energy requirement (Harder, 1997; Tijhuis et al., 1993) . The energy delivered by a flux of 8.6 nmol of H 2 /day depends on the metabolic process in question and the aqueous activity of H 2 and other products and reactants. However, methanogenic metabolism will not occur at energy yields significantly less than 2.5 kJ/mol of H 2 (Hoehler et al., 2001 ), and energy yields are maximally about 40 kJ/mol of H 2 when H 2 is present at millimolar levels. At these energy yields, the H 2 flux delivers 15-345 J/day/m 3 of rock (minimally). In laboratory culture studies, the required maintenance energy for anaerobic microorganisms is about 1,300 J/g of biomass (dry weight)/day at 15°C (Tijhuis et al., 1993) , but a variety of work suggests that the requirement for maintenance of populations in nature is about three orders of magnitude smaller (Morita, 1997; Price and Sowers, 2004) . Adopting a maintenance energy value of 1.3 J/g of biomass (dry weight)/day, we calculated that each cubic meter of rock could potentially support 12-265 g of biomass (dry weight). Whether the system can actually host such a biomass depends on additional biological energy requirements and whether the flow of energy is diffuse or concentrated (Hoehler, 2004) . At the present time, it should be noted that there is insufficient information to make this assessment. However, the greater the volume of rock that is altered by a Coast Range Ophiolite spring during passage to its ultimate effluent, the greater the potential for H 2 generation and concentration, and the greater the potential for hosting life. Similarly, if the observed mineral alteration occurred over a shorter time period, say 1 million years, the amount of hydrogen produced would be 86 mol/day (or 2.1 ϫ 10 Ϫ3 L at standard temperature and pressure), certainly enough to sustain primary productivity based on hydrogen.
The discovery of Archean ophiolites, including a complete sequence in northern China that is reported to be 2.505 billion years old (Kusky et al., 2001) , provides evidence that similar rocks have existed near the surface over a significant portion of Earth's history (Moores, 2002) . Thus, there is the potential for ophiolites to have supported a biosphere in the Archean and for the present-day study of such areas to aid the search for evidence of early chemolithoautotrophic life on Earth. (In contrast, since the ocean's crust is nowhere older than about 180 million years as a result of crustal subduction, such studies are impossible in more conventional ocean floor terranes.) Recently, Furnes et al. (2004) described evidence for a chemosynthetic biota in 3.5-billion-year-old pillow lavas, which are the upper units of ophiolitic sequences. If similar evidence is found within other portions of ophiolites, this could represent a characteristic of the earliest chemosynthetic life on Earth that would prove useful in searching for evidence of biological activity in such rocks.
The crust of Mars may be much more like ophiolite terranes than previously appreciated. Lack of significant plate tectonic activity would limit the potential for widespread "ridge processes" (e.g., hydrothermal vent formation) and concentrate hydrothermal activity into more narrowly focused areas with active fluid flow. The similarity of Mars' crust to ophiolite terranes as a whole (as evidenced by studies of the Mars meteorites, for example, which range in composition from basalts to dunites) suggests that serpentinization processes such as those occurring in the Coast Range Ophiolite must have occurred throughout Mars' history wherever subsurface water was present. If subsurface liquid water is extant on Mars, the serpentinization process may still be occurring in limited areas. Serpentinization will undoubtedly occur at depth wherever liquid water comes into contact with ultramafic rocks. Because the reactions proceed more rapidly at higher temperatures, it is quite possible that sources of H 2 occur beneath habitable zones within the martian crust. One could imagine that volume increases associated with serpentinization would provide pathways upward through the crust for H 2 and heated fluid, thereby providing reducing power at shallower depth, as well as anomalous heat. Ophiolites may be the best analog to environments on Mars where life might have existed in the past and may yet exist today.
Serpentinizing terranes within the Mars crust are (or were) habitable zones in which liquid water, energy, and reducing power have been in existence for extended periods of time. They are zones where abiotic organic synthesis can occur (Holm and Charlou, 2001; Sleep et al., 2004) and protobiological structures can be formed as a result of the reducing and alkaline nature of the fluids within them (Hanczyc et al., 2003; Russell, 2003) . Serpentinizing terranes are volumes of subsurface rock, where chemosynthetic life can flourish for extended periods of time in the absence of light and independent of harsh or changing surface conditions. How does one locate serpentinized terranes on Mars? Mineralogical, chemical, and morphological data gathered from Mars orbit can provide clues. Serpentine minerals may be a significant source of the elevated hydrogen seen in some equatorial regions by the Odyssey spacecraft, with abundances up to 8-9 wt% water-equivalent present in areas where water ice should not be stable (Feldman et al., 2003) . It is possible that some of these regions of elevated hydrogen abundances correspond to serpentinized or serpentinizing bodies at, or immediately below, the Mars surface.
Olivine has been identified at the surface of Mars on the basis of Mars Global Surveyor Thermal Emission Spectrometer data (Hoefen et al., 2003) . It should be noted that the olivine from Mars has been reported to be much higher in iron content (McSween et al., 2004) than typical upper mantle olivines on Earth. Higher iron content in the same rock types (peridotites) would likely lead to an increase in the amount of hydrogen that could be generated through serpentinization. Concentrations of olivine in the Nili Fossae region of Mars were proposed to be deep-seated, olivine-rich units exposed after the occurrence of impact-related faulting. Similar exposures could occur in the central peaks or walls of impact craters as a result of deep impact gardening of the crust. The presence of olivine on the Mars surface produces a dilemma in the sense that, if water were ever present over Mars history, these presumably ancient exposures would have been altered to serpentine. However, the kinetics of the serpentinization reaction are very sluggish at temperatures below 200°C (Wegner and Ernst, 1983) , and experimental data extrapolated to present Mars surface temperatures may not provide accurate reaction rates.
Craters and impact-related structures are very interesting localities from the perspective of serpentinization. In a process that could be likened to tectonic uplift, deep impact gardening is capable of elevating deep-seated ultrabasic rocks such as dunites to the surface. The heating and fracturing resulting from the impact can generate short-lived (10 5 -10 6 -year time scale) hydrothermal systems (Arengi, 1977; Whitehead et al., 1990; Bunch et al., 1999) that could begin the serpentinization process in rocks, which would have been previously dry and inaccessible to subsurface or surface water. Once serpentinization is initiated, the volume increase to the reactions could help provide fresh mineral surfaces that, in turn, continue to serpentinize.
In the absence of cratering activity, other morphological clues may be present. On Earth, serpentinization with its attendant volume increase is recognized as a tectonic force. The Lost City Hydrothermal Field (Kelley et al., 2001a,b; Früh-Green et al., 2004) , for example, lies on the Atlantis Massif, a 15-20-km-wide dome-like exposure of serpentinized peridotite near the Mid-Atlantic Ridge axis. The Atlantis Massif has a relief of nearly 4,000 m, much of which is the result of volume increase and faulting associated with the serpentinization process. Likewise, Mottl et al. (2003) have described serpentinite mud volcanoes that appear as domes on the sea floor overlying the subducting Pacific plate in the Mariana forearc. Similar, albeit smaller, features may be present on Mars. These features could be easily mistaken for volcanic domes.
Because serpentinization can generate heat and hydrothermal activity, other promising areas could be the source regions for ancient mass wasting and water drainage, where no obvious volcanic activity has been noted. As higher-resolution terrain maps become available, the style of faulting and tectonic uplift could be studied in detail to identify potential serpentinizing terrains.
Lastly, serpentinizing terrains quite commonly release hydrogen and methane as a consequence of inorganic reactions or methanogenesis. Recent reports from the ESA Mars Express spacecraft (see, for example, http://www.esa.int/SPECIALS/ Mars_Express/SEML131XDYD_1.html) have described co-varying and anomalously high concentrations of water vapor and methane in the atmosphere above regions where the Odyssey spacecraft has observed a water ice layer immediately below the surface. Could these areas of water ice (or excess hydrogen) be the consequence of deep-seated serpentinizing terrains where methane and hydrogen are generated in a hydrothermal cell? One could imagine that hydrogen or methane, dissolved in the hydrothermal fluid, could rise to the point where the liquid froze in the shallow crust. Under such conditions, the methane could be incorporated into a solid methane clathrate hydrate phase, which would have different (anomalously high) melting properties relative to pure water ice (Stern et al., 1996) .
Based on our observations of the petrology of peridotites from the Coast Range Ophiolite, we hypothesize that these terranes represent locations analogous to those where early life may have taken hold on the early Earth and on Mars. Given the nature of chemical weathering in these rocks, they seem likely to have provided the raw materials and energy for chemolithoautotrophic organisms adapted to conditions typical of these environments. We further suggest that, based on recent results from the flotilla of spacecraft currently at Mars, fruitful searches for life on the Red Planet should focus on areas similar to terrestrial ophiolites.
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